Oxygen-deficient tungsten bronze ceramics with general formula Sr 5 SmTi 3+2x Nb 7À2x O 30Àx (x ¼ 0, 0.1, 0.25) are prepared. The effects of oxygen deficiency on the crystal structure, dielectric and ferroelectric properties are investigated. With increasing oxygen deficiency, the crystal structure becomes less stable and the lattice shrinks, while the ferroelectricity is weakened, and the low temperature relaxation on the (00l) (l ¼ 1/2, 3/2, .) planes, by the side of the first-order ones. The appearance of higher-order is believed to reduce the high structural energy induced by the oxygen deficiency.
Introduction
The tungsten bronze structure is composed of ten distorted octahedra sharing corners in such a way that three different interstices (2 tetragonal A1, 4 pentagonal A2, and 4 triangle C) are available for cation occupancy in the general formula (A1) 2 (A2) 4 (C) 4 (B1) 2 (B2) 8 O 30 , which can be obtained from the perovskite structure by rotation of the BO 6 octahedra.
1,2 The chemical composition of tungsten bronzes is very exible and according to the occupation of the interstices, three types of tungsten bronzes can be dened, such as full-lled (all interstice sites full, exp. K 3 Li 2 Nb 5 O 15 ), lled (C site empty, Ba 2 -NaNb 5 O 15 ) and un-lled (A site partially occupied and C site empty, (Sr x Ba 1Àx )Nb 2 O 6 ) tungsten bronzes. The two kinds of octahedral B sites can by occupied by the same or different cations, like Ti, Fe, Nb, Ta, etc.
In recent years, a number of Pb-free ferroelectrics have been determined in tetragonal lled tungsten bronze family of M 6Àp R p Ti 2+p Nb 8Àp O 30 (p ¼ 1, 2; M ¼ Ba or Sr; R ¼ rare earth).
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In these materials, a ferroelectric transition followed by up to three low-temperature dielectric relaxations are generally detected with decreasing temperature. Zhu et al. reported the ferroelectric transition changes from the normal one to relaxor through diffuse one with decreasing the radius difference between A1-and A2-site ions, Dr.
3 A crystal-chemical model is proposed recently to explore the composition and local structure inuence on the relaxor or ferroelectric behavior. 4 The model considers two competing driving forces: large average Asite cation size extends the BO 6 octahedra which enhances polarizability, while low A1 tolerance factor favors modulated tilt pattern of commensurate superstructure and is always associated with normal ferroelectric behavior.
Besides the modulation of positive ions, creation of oxygen vacancies is also an effective way to manipulate the properties of oxides, and oxygen deciency has been drawing considerable attention in many perovskite oxides. [16] [17] [18] [19] [20] [21] [22] [23] [24] Oxygen vacancies can be created by doping or atmospheric reduction. 23, 24 26 With increasing x, the dielectric properties shows a transition from classic ferroelectric behavior with x ¼ 0 to a relaxor-like behavior with x ¼ 1, reecting the disturbance of oxygen vacancies on the ferroelectric order. These researches suggest the possibility and signicance for studying the effects of oxygen vacancies in tungsten bronzes.
In the present work, chosen Sr-based lled tungsten bronze Sr 5 weighing. The three mixtures were calcined in high-purity alumina crucibles at 1300 C in air for 3 h followed by a second grinding to reach a homogeneous granulometric distribution. Adding with organic binders (8 wt% polyvinyl alcohol), the reground powders were pressed into cylindrical compacts of around 12 mm in diameter and around 1.2 mm in thickness under the pressure of about 98 MPa. The disks were sintered at 1250-1350 C in air for 3 h to nd the best sintering condition for the present ceramics. Aer sintering, the disks were cooled to 1000 C at a rate of 2 C min and further cooled inside the furnace. The crystalline phase constitution was identied using powder X-ray diffraction (XRD, LabX XRD-6000, SHIMADZU Co., Japan) analysis with Cu Ka radiation. The bulk density of the ceramics was calculated by measuring its mass and diameter. The microstructure of the polished and thermally etched surfaces of the sintered disks was characterized using scanning electron microscopy (SEM, SIRION-100, FEI, Netherlands). Thermal etching was conducted at 1100 C for 20 min. The XRD data for Rietveld analysis was collected over the 2q range of 8 to 130 with steps of 0.02 and a count time of 2 s (D/max 3B, Rigaku Co., Tokyo, Japan). The Rietveld structure calculation was carried out using the FULLPROF program. The bulks were thinned around several micrometers mechanically and then polished by ion beam for transmission electron microscopy (TEM) observation. Selected area electron diffractions (SAED) were carried out using a TEM (Tecnai G2 F20 S-TWIN, FEI Co., Hillsboro, USA). Dielectric properties in the range of 173 K to 573 K were measured with a broadband dielectric spectrometer (Turnkey Concept 50, Novocontrol Technologies., Hundsangen, Germany) over a frequency range of 1 Hz to 5 MHz. P-E hysteresis loops are evaluated at room temperature 1 Hz by a Precision Materials Analyzer (RT Premier II, Radiant Technologies, Inc., NM, USA). The applied electric eld increased from 10 kV cm À1 to 100 kV cm À1 .
Results and discussion
Dense Sr 29.9 , oxygen vacancies also prefer to locate at O 3 and O 5 sites, and more Sr cations occupying the A1 sites probably aims to stablize the tetragonal tungsten bronze crystal structure.
The Rietveld renement using FULLPROF program is performed for the XRD data of composition with x ¼ 0.1 (Sr 5 -SmTi 3.2 Nb 6.8 O 29.9 ) to get more structure information. The nal difference between the experimental data and the calculated data is shown in Fig. 3(a) and nal atomic positions and thermal parameters are summarized in Table 2 (Fig. 4(a) ), which is consistent with the previous report, 14 
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and Stennett et al. 6 As shown in Fig. 4 (b) and (c), up to threeorder incommensurate superlattice (ICS) reections are observed for compositions with x ¼ 0.1 and 0.25. The rst-order incommensurate superlattice reections are observed at posi-
The incommensurability parameter d is the measure of the deviation from commensurate periodicity that is dened as d ¼ (x À y)/(x + y), where x and y is the distance of the neighboring incommensurate superstructure spot. 27 The value of d here is determined as about 0.16 for x ¼ 0.1, and 0.10 for x ¼ 0. 25 0.25 to 0.75. According to Glass, 28 in Sr 1Àx Ba x Nb 2 O 6 , the increase of Ba/Sr ratio lowers the structure entropy and the development of the incommensurate modulation is believed to reduce the structural energy. 29 Thus, the larger d value reects relatively instable structure and disordered cation distribution in tungsten bronze compounds. In the case of commensurate modulation, the d value is 0. Based on the above analysis, it could be considered that the oxygen deciency in the present tungsten bronze family induces structure instability and cation disorder, and then results in the incommensurate modulation with similar d values to that in Sr 5 LaTi 3 Nb 7 O 30 .
Besides, the high structural energy induced by the oxygen deciency also generates higher-order incommensurate reec-tions. The commensurate and incommensurate reections observed in Sr 5 SmTi 3+2x Nb 7À2x O 30Àx (x ¼ 0, 0.1 and 0.25) are furthered veried with line proles in Fig. 4(d)-(f) , respectively, and corresponding schematic patterns are shown in Fig. 4(g)-(i) ). The second-order incommensurate superlattice reections are observed on the (00l) (l ¼ 0, 1, 2, 3, .) planes around the (h + 1/2, k + 1/2, l) positions for both x ¼ 0.1 and 0.25, while the third-order incommensurate superlattice reections are observed on the (00l) (l ¼ 1/2, 3/2, .) planes, only for x ¼ 0.25. Similar high order incommensurate reections are reported in Sr 0.6 Ba 0.4 Nb 2 O 6 (SBN) with huge large grains and is believed to result from the orthorhombic distortion associated with a shortened c axis, which is originated from the unfavorable occupation of A1 site by some trapped Ba cations during the rapid cooling process, as in the quenched SBN single crystal, 30 and planar defects are detected and is suggested to localize the increase structural energy caused by the orthorhombic distortion and thus stablize the incommensurate phase. 31 According to the results of X-ray diffraction, cross distribution of Sr and Sm cations in the A1 and A2 sites exists in the x ¼ 0.1 and 0.25 compositions. The A1 and A2 sites on the c ¼ 1 planes, connected directly with O 5 , the sites where the oxygen vacancies are preferred, therefore result in a severe distortion of oxygen octahedra. The appearance of higher-order incommensurate reections in x ¼ 0.1 and 0.25 compositions reduces the high structure energy caused by the unusual A-site cation distribution, oxygen vacancies and consequently the distortion of oxygen octahedra.
Temperature Fig. 5(a)-(c) . For x ¼ 0 composition (Fig. 5(a) ), the dielectric permittivity exhibits a sharp peak at about 470 K and a weak relaxation at lower temperature around 250 K, which is consistent with the previous report, 12, 13 and indicate a ferroelectric transition with an endothermic peak on heating in the DSC curve shown in Fig. 5(d) . For both x ¼ 0.1 and 0.25 compositions, a diffuse dielectric peak is observed around 500 K together with an enhanced low temperature relaxation around 200 K. Thus, a wide temperature range (200-500 K) with a stable dielectric constant ($300) is formed and suggests these two compositions as potential temperature stable dielectrics. No DSC peak is observed for these two compositions (see Fig. 5(d) ). The low temperature dielectric relaxation can also been observed in the dielectric loss curves with similar intense of tan d $ 0.07 for all the three compositions, and shi to lower temperature with increasing x value. For the relaxation, the frequency dependency of T m obtained from the dielectric loss (tan d(T)) curves can be tted to the Vogel-Fulcher relationship:
where f is the applied ac eld frequency, f 0 is the Debye frequency, T f is the static freezing temperature, E a is the activation energy of the polar clusters and k is the Boltzmann's constant. 32 The Vogel-Fulcher relationship is interpreted as a normal Debye relaxation with a temperature-dependent activation energy, and indicates the increasing interaction between local random dipolar regions. 32 As shown in Fig. 6 , the tting parameters obtained for x ¼ 0 suggesting a freezing process of some low temperature polarization, which is usually observed in tungsten bronze ferroelectrics.
3 However, ultrahigh f 0 values are obtained for the oxygen decient compositions with x ¼ 0.1 and 0.25, which seem unreliable and without physical meanings. Therefore, the low temperature relaxations in compositions with x ¼ 0.1 and 0.25 are not a Vogel-Fulcher type relaxation, reecting the effect of the oxygen deciency. The weakened ferroelectricity and enhanced relaxation in Sr 5 -SmTi 3+2x Nb 7À2x O 30Àx with x ¼ 0.1 and 0.25 should be related to the random cross distribution in the A sites and the oxygen vacancies induced by the oxygen deciency.
P-E hysteresis loops for Sr 5 SmTi 3+2x Nb 7À2x O 30Àx are shown in Fig. 7 . Compared with the classic ferroelectric loop obtained for Sr 5 SmTi 3 Nb 7 O 30 ( Fig. 7(a) ), almost linear P-E loops are obtained for both x ¼ 0.1 and 0.25 when the applied electric eld increases up to above 100 kV cm À1 (Fig. 7(b) and (c)), reecting the weakened ferroelectric nature. Generally, the relation between structure modulation and ferroelectricity in Sr 5 SmTi 3+2x Nb 7À2x O 30Àx indicates that the normal ferroelectrics exhibit the commensurate modulation (x ¼ 0), while the incommensurate modulation corresponds to the diffuse or relaxor behaviors (x ¼ 0.1 and 0.25),as conrmed in many tungsten bronzes, where the structure modulation is dominated by radius difference between A1 and A2 sites. 
Conclusions
Oxygen-decient Sr 5 SmTi 3+2x Nb 7À2x O 30Àx (x ¼ 0, 0.1, 0.25) ceramics with tetragonal tungsten bronze structure have been synthesized and characterized. With increasing oxygen de-ciency, the crystal structure become less stable and the lattice shrinks, while the ferroelectricity is weakened, and the low temperature relaxation enhanced. Commensurate modulation is observed in the ferroelectric Sr 5 SmTi 3 Nb 7 O 30 (x ¼ 0), while three orders of incommensurate satellite reections are observed for compositions with x ¼ 0.1, 0.25, and is believed to reduce the structural energy induced by the oxygen deciency. Two factors are considered to understand the change from ferroelectric behavior to diffuse one. Firstly, the A site cross occupancy leads to smaller radius difference between A1 and A2 sites. Secondly, non-polar 5-coordination Ti cations caused by the O(3,5) vacancies interrupt the ferroelectric polar domains. Moreover, Sr 5 SmTi 3+2x Nb 7À2x O 30Àx ceramics with x ¼ 0.1 and 0.25 may be very good candidates for temperature-stable dielectrics with dielectric constant $300, and very low tan d < 0.02 in a wide temperature range from 200 K to 500 K.
